INTRODUCTION
Hepatic glycogen can be synthesized either by a direct pathway from glucose involving conversion of glucose to glucose 6-phosphate to UDP-glucose and then to glycogen, or by an indirect pathway involving conversion of glucose to gluconeogenic precursors which are then converted to glucose 6-phosphate in the hepatocyte [1] [2] [3] [4] . A variety of techniques have been used to estimate the relative contributions of these pathways in vivo. One technique involves the determination of the 3H/14C ratio in glycogen after infusion of [6-3H,U-14C]glucose [5] [6] [7] [8] . This is based on the assumption that 3H label in the 6-position of glucose is lost when pyruvate formed from [6_3H] glucose is reconverted to glucose 6-phosphate [1, 6, 9, 10] . Consequently, the further the ratio of 3H/14C in glycogen relative to that in the plasma glucose is from unity, the greater is the extent of cycling of glucose via pyruvate and thereby the contribution of the indirect pathway [1] . It is widely assumed that the contribution of the indirect pathway as determined in vivo represents conversion of glucose to gluconeogenic precursors in extrahepatic tissues and the reconversion of these gluconeogenic precursors to glucose 6-phosphate and then to glycogen within the liver. However, when rat or mouse hepatocytes are incubated with [6-3H,14C] glucose, the ratio of 3H/14C incorporated into glycogen relative to that in glucose is significantly less than unity (0.5-0.7), indicating that substantial loss of 6-3H occurs within the hepatocyte during conversion of glucose to glycogen [1 1,12] . One explanation for this loss of 6-3H during glucose conversion to gen synthesis by insulin is not associated with inhibition of pyruvate cycling. In rat and guinea pig but not in pig hepatocytes, the effects of mercaptopicolinate on the 3H/'4C ratio in glycogen were greater at 10-15 mM glucose than at 30 mM glucose, suggesting diminished cycling via pyruvate at high glucose concentrations. 4 . Insulin increased the loss of 6-3H during stimulation of conversion of glucose to glycogen in hepatocytes from all species. This was due in part to an increase in pyruvate cycling and in part to other mechanisms that are not inhibited by mercaptopicolinate. 5 . These results suggest that pyruvate cycling is a significant, but not exclusive, component of the loss of 6-3H in the hepatocyte during glucose conversion to glycogen. The extent of pyruvate cycling is dependent on the acinar origin of the hepatocytes and on the glucose concentration and presence of insulin. glycogen is that it represents substrate cycling between glycolysis (conversion of glucose 6-phosphate to pyruvate) and reconversion of pyruvate to glucose 6-phosphate [11] . A recent comment by Landau [13] , however, points out that theoretically there may be other mechanisms by which 3H in the 6-position of glucose can be lost. These are at the level of UDP-glucose, by reversible dehydrogenation to UDP-glucuronate, by a transaldolase reaction between fructose 6-phosphate and glyceraldehyde 3-phosphate, and at the level of triose phosphate [131. If loss of 6-3H by label-exchange reactions at these sites occurs to a significant extent relative to cycling via pyruvate, then the ratio of 3H/14C incorporated into glycogen would overestimate the contribution of pyruvate cycling. The extent by which loss of 6-3H during glucose conversion to glycogen in hepatocytes occurs as a result of pyruvate cycling as distinct from other reactions not involving pyruvate cycling has not been determined. It remains debatable whether these additional mechanisms account for a negligible [14] or significant [131 proportion of the total loss of 6-3H.
In the present study we determined the incorporation of [6_3H,U_n4C]glucose into glycogen in hepatocytes isolated from different acinar zones and from different species and we used mercaptopicolinate, an inhibitor of phosphoenolpyruvate carboxykinase [15] [16] [17] Hepatocyte Isolation Rat periportal and perivenous hepatocytes were isolated by the digitonin-collagenase perfusion technique as in [20] . Guinea pig hepatocytes were isolated by collagenase perfusion of whole liver [21] . Pig and human hepatocytes were isolated by collagenase perfusion of a 150-200 g wedge biopsy [22] .
Enzyme activities Alanine aminotransferase, fructose bisphosphatase and pyruvate kinase activities in rat periportal (PP) and perivenous (PV) hepatocytes were determined as described previously [20, 22] 
Hepatocyte monolayers
The hepatocytes were suspended in minimum essential medium containing 5°(v/v) fetal bovine serum and inoculated in Corning 24-well plates at a density of 6.4 x 104 cells/cm2. After cell attachment (approx. 6 h) the medium was changed to serumfree minimum essential medium containing 10 nM dexamethasone phosphate and 5 mM glucose, and the hepatocyte monolayers were cultured for approx. 16 h before determination of gluconeogenesis [20] or glycogen synthesis [19] .
Incubation conditions and analytical methods
For determination of gluconeogenesis and glycogen synthesis, hepatocyte monolayers were incubated in fresh minimum essential medium without added glutamine and with the substrate supplements and other additions indicated. The medium contained either 5 mM glucose or was supplemented with additional glucose up to the concentrations indicated. Incubations with [3-14C] pyruvate (1 mM) were as described previously [20] .
Incubations for determination of glucose cycling contained [U-_4C]glucose (1.5 ,uCi/ml) and either [6-3H] glucose or [3- 3H]glucose (4.5 ,tCi/ml). Mercaptopicolinate was dissolved in 150 mM Hepes at 100 x final concentration and control incubations received an equivalent volume of buffer. Incubations were performed in either the absence or the presence of 10 nM insulin. This concentration of insulin causes maximum stimulation of glycogen deposition during 3 h incubations [19] . Halfmaximum stimulation occurs at a concentration of -0.2 nM and maximum stimulation at 1 nM-10 nM insulin [19] .
Incubations with [3-_4C] pyruvate were for 2 h, and all other incubations for determination of glycogen synthesis were for 3 h. On termination of the incubations the hepatocyte monolayers were washed once with 150 mM NaCl and extracted in 0.1 M NaOH [19] . Cell glycogen was determined enzymically after digestion with amyloglucosidase and fluorometric determination of the glucose formed [19] . The glucose and lactate concentrations in the medium were determined enzymically after deproteinization of the medium with perchloric acid [19] . The incorporation of ['4C]pyruvate into glucose was determined as in [20] . The incorporation of radiolabel into glycogen was determined after ethanol precipitation of the glycogen as described previously [19] . Estimates of the direct pathway and indirect pathway of glycogen synthesis from glucose, not taking into account loss of 6-3H by label-exchange reactions, were determined from the incorporation of [6-3H] glucose into glycogen (direct pathway) and from the difference between 14C and 6-3H incorporation into glycogen (indirect pathway). The proportion by which pyruvate cycling contributes to the indirect pathway was estimated from the increment in 3H/14C ratio caused by mercaptopicolinate (MP) as a proportion of the deviation of the control ratio from unity, i.e. (3H/14CMP-3H/14Ccontrol)/(lI 3H/14Ccontrol) x 100. The underlying assumptions are discussed in the Results section.
Values are means + SEM for the numbers of cell preparations (experiments) indicated. Statistical analysis for differences in the presence of mercaptopicolinate or insulin was by the paired t test.
RESULTS

Effects of mercaptopicolinate on gluconeogenesis and glycogen synthesis
Mercaptopicolinate inhibits the conversion of pyruvate to glucose [15] , and this is presumed to be due to inhibition of phosphoenolpyruvate carboxykinase [16, 17] . It also stimulates glycogen synthesis from glucose in fetal rat hepatocytes [24] and from substrates that enter the gluconeogenic pathway at the level of triose phosphates in adult rat hepatocyte suspensions [25, 26] . We determined the effects of mercaptopicolinate (0.25-2 mM) on the incorporation of [3-14C] 
Effects of mercaptopicolinate oil the metabolism of dihydroxyacetone and glycerol
The mechanism by which mercaptopicolinate stimulates glycogen synthesis from glucose ( [24] and Figures lb, lc and 2b) and from substrates that enter the gluconeogenic pathway at the level of triose phosphate [25, 26] has not been-established. Two hypotheses have been proposed. One is that mercaptopicolinate inhibits glucose-6-phosphatase and thereby causes diversion of glucose 6- phosphate to glycogen [27, 28] . The other is that mercaptopicolinate causes cell swelling and thereby mimics the effects of amino acids and hypo-osmotic swelling, which increase glycogen synthesis via an increase in cell volume [26] .
The validity of the use of mercaptopicolinate to determine the extent by which loss of 6-3H from glucose represents cycling via pyruvate rests on the assumption that mercaptopicolinate inhibits the conversion of pyruvate to glucose 6-phosphate. with previous findings [26] . Since cell swelling increases glycogen synthesis from glucose and also from dihydroxyacetone as substrates [18, 26] , the increased glycogen synthesis from these substrates caused by mercaptopicolinate (Figure lb and Table 1) could be related to cell swelling.
We infer from these results that the inhibition by mercaptopicolinate (0.25-1.0 mM) of pyruvate incorporation into glucose and glycogen is due to inhibition of pyruvate metabolism before the formation of glucose 6-phosphate, and presumably therefore at the level of phosphoenolpyruvate carboxykinase. Furthermore, the stimulation of glycogen synthesis from glucose, dihydroxyacetone and glycerol is also not a result of inhibition of glucose-6-phosphatase, but may be related to cell swelling.
Incorporation of [3-3H,U-14C]glucose into glycogen
During conversion of [3-3H,U-4C]glucose into glycogen, 3-3H is lost at the level of triose phosphate and also via the pentose phosphate pathway [1] . To establish whether mercaptopicolinate affects the loss of 3H at the level of triose phosphate, we determined the effects of mercaptopicolinate on incorporation of [3-3H,U-_4C]glucose into glycogen. Loss of 3-3H was greater than loss of 6-3H (Table 3) , in agreement with some previous studies [6, 30] , although differences are not always observed [30] . Mercaptopicolinate did not affect the 3H/14C ratio in glycogen formed from [3-3H,U-_4C]glucose under any of the experimental conditions (Table 3) .
Incorporation of [6- (Table 3 ).
In the absence of mercaptopicolinate, the ratio of 3H/14C in glycogen relative to that in [6-3H,U-14C]glucose was not affected by increasing the glucose concentration from 10 mM to 30 mM for either PP or PV hepatocytes. The ratio of 3H/14C in glycogen was decreased by insulin and increased by mercaptopicolinate. The effect of mercaptopicolinate was greater in PP than in PV hepatocytes, was higher at low than at high glucose concentrations, and at 10 mM glucose was significant in both the absence and the presence of insulin (Table 3 ).
In guinea pig and pig hepatocytes, glycogen synthesis was stimulated by insulin but not by 1 mM mercaptopicolinate (Table  4 ). In guinea pig hepatocytes the ratio of 3H/14C in glycogen relative to that in medium [6-3H,U-14C]glucose was decreased by insulin and increased by mercaptopicolinate. The latter effect was greater at low than at high glucose concentrations. In two experiments using guinea pig hepatocytes incubated with [3- 3H,U-_4C]glucose, mercaptopicolinate did not affect the 3H/14C ratio in glycogen relative to that in medium glucose (results not shown), similar to the findings in rat hepatocytes (Table 3 ). In pig hepatocytes the 3H/14C ratio in glycogen was also decreased by insulin and increased by mercaptopicolinate, but the ratio increased with increasing glucose concentration (P < 0.01, 30 mM versus 10 mM glucose). In human hepatocytes the ratio of 3H/14C in glycogen relative to that in [6- Tables 3 and 4 .
Pyruvate cycling (% loss of 6-3H) [Glucose] (mM) Insulin Rat PP Rat PV Guinea pig Pig 10  -75  13  63  95  10  +  40  6  39  70  15  -60  16  58  95  15  +  19  12  28  75  30  -30  3  36  100  30  +  0  0  24  46 could be due to cell swelling, we determined the effect of hypoosmotic swelling (220 mosM versus 300 mosM) on the 3H/14C ratio in glycogen during incubation with [6-3H,U-_4C]glucose, to establish whether changes in cell volume could account for the increase in the ratio. The 3H/14C ratio incorporated into glycogen was not affected by a hypo-osmolar medium (iso-osmolar, 0.81 + 0.05; hypo-osmolar, 0.82 + 0.05; means + S.E.M., n = 4) which results in a 14 % increase in cell volume [18] . This suggests that the increase in ratio caused by mercaptopicolinate is unlikely to be due to cell swelling. The estimates in Table 5 for pyruvate cycling relative to loss of 6-3H show that, in the rat, pyruvate cycling relative to loss of 6-3H is higher in PP than in PV hepatocytes, is greater at low than at high glucose concentrations, and is greater in the absence than in the presence of insulin (Table 5 ). In guinea pig but not in pig hepatocytes, the effect of mercaptopicolinate on pyruvate cycling was dependent on the glucose concentration, as in the rat, the percentage contribution of pyruvate recycling was greater in the absence than in the presence of insulin (Table 5) . These estimates for pyruvate cycling in rat and guinea pig hepatocytes are relative to loss of 6-3H and do not parallel changes in absolute rates because of the effects of mercaptopicolinate on glycogen synthesis. However, in pig hepatocytes, in contrast with rat and guinea pig hepatocytes, there was negligible effect of mercaptopicolinate on the direct pathway (10 mM glucose: control, 9.5; mercaptopicolinate, 8.9; insulin, 43.8; insulin + mercaptopicolinate, 35.0 nmol of 3H incorporated/3 h per mg), and the estimates in Table 5 
DISCUSSION
We show in this study that the incorporation of [U-14C]glucose into glycogen correlates with glycogen deposition over a range of glucose concentrations (10-30 mM), in both the absence and the presence of insulin. It can be inferred, therefore, that the incorporation of [U-_4C]glucose into glycogen represents the sum of the rates of glycogen synthesis from glucose by the direct and indirect pathways (involving substrate cycling). 3H in the 6-position of glucose is lost when [3-3H,U-_4C]pyruvate formed from glucose is reconverted to glucose 6-phosphate [6, 9, 10] . The amount of 6-3H that is retained during conversion of pyruvate to glucose has been estimated to be about 80% (from the incorporation of [3-3H,3-14C] lactate into glycogen [6] ). Consequently, loss of 6-3H during pyruvate cycling is assumed to be complete [6] . Theoretically, loss of 6-3H could occur by additional mechanisms that do not involve cycling via pyruvate [13] , and it remains controversial whether these additional mechanisms account for a negligible [14] or significant [13] proportion of total loss of 6-3H.
\
In the present study we used mercaptopicolinate, an inhibitor of phosphoenolpyruvate carboxykinase [15] [16] [17] , to determine the relative contribution of pyruvate cycling to the overall loss of 6-3H label during conversion of [6- (Figure la) , although they caused progressive inhibition of glycogen synthesis (Figure lb) . The latter effect is probably independent of phosphoenolpyruvate carboxykinase, since it was associated with inhibition of incorporation of 6-3H into glycogen and presumably therefore of the direct pathway. The biphasic effect of mercaptopicolinate on glycogen synthesis is consistent with previous reports that 0.5-1 mM mercaptopicolinate stimulates glycogen synthesis in rat hepatocytes [24, 25] . The stimulatory effect has been attributed to cell swelling [26] or to inhibition of glucose-6-phosphatase [27, 28] , but the cause of the inhibitory effect at high mercaptopicolinate concentrations (which is not associated with cell damage, as assessed from lack of leakage of lactate dehydrogenase) has not been identified. Our results demonstrate an increase in cell volume with mercaptopicolinate, but do not support a role for inhibition of glucose-6-phosphatase in the present experimental conditions. Whether the stimulation of glycogen synthesis from glucose by mercaptopicolinate (0.25-1 mM) is due to cell swelling remains to be established.
Since changes in cell volume are frequently associated with changes in pH, which may have converse effects on glycogen synthesis and glycolysis [31] , the metabolic effects of mercaptopicolinate may be due to changes in pH as well as cell volume.
If it is assumed that the increment in the 3H/14C ratio in glycogen caused by mercaptopicolinate represents the contribution of pyruvate cycling to loss of 6-3H, then the present study shows the following: first, that pyruvate cycling is greater in PP than in PV hepatocytes; secondly, that in rat and guinea pig hepatocytes the contribution of pyruvate cycling to loss of 6-3H is higher at low glucose concentrations, whereas in pig hepatocytes pyruvate cycling totally accounts for loss of 6-3H at all glucose concentrations in the absence of insulin; and thirdly, that in all species studied the relative contribution of pyruvate cycling to loss of 6-3H is higher in the absence than in the presence of insulin, suggesting that the increase in the loss of 6-3H caused by insulin represents in part a mechanism not involving pyruvate cycling.
Glucose cycling relative to glycolytic and gluconeogenic enzyme capacity During ineubation of hepatocytes wvith glucose (10-30 mM) in the absence of lactate and pyruvate, hepatocyte monolayers accumulate lactate in the medium (Table 2 ) and the accumulation is linear with time for 3 h [19] . Recycling of glucose by conversion to pyruvate and reconversion to glucose 6-phosphate and then to glycogen (Tables 3 and 5 ) therefore occurs under conditions of net lactate production.
The greater effect of mercaptopicolinate on the 3H/14C ratio in PP than in PV hepatocytes is of interest because of the heterogeneity of gluconeogenic and glycolytic enzymes in these cell populations [32, 33] . The recognition that the activities of gluconeogenic enzymes, including phosphoenolpyruvate carboxykinase, are higher in the afferent (PP) zone of the liver acinus, while the glycolytic enzymes have higher activities in the efferent (PV) zone, led to the theory of metabolic zonation which postulated that conversion of dietary glucose to C3 intermediates occurs in the efferent zone while their reconversion to glucose 6-phosphate and then to glycogen occurs in the afferent zone, after entry into the circulation and return to the liver via the hepatic artery [32] . Studies on isolated PP and PV hepatocytes have established that the former have a higher gluconeogenic flux than the latter when incubated with pyruvate or lactate [20, 34, 35] , a similar glycolytic flux at low glucose concentrations [19, 35] but a lower glycolytic flux at high glucose concentrations [19] . Intracellular glucose cycling via pyruvate within the hepatocyte requires both gluconeogenic and glycolytic capacity. The greater effect of mercaptopicolinate on PP hepatocytes, which have a high gluconeogenic relative to glycolytic capacity compared with PV cells, suggests that the gluconeogenic rather than the glycolytic capacity may be the main determinant of intracellular glucose cycling via pyruvate. The greater contribution of pyruvate cycling at low than at high glucose concentrations is further support that the gluconeogenic rather than the glycolytic capacity favours cycling. Despite the small effect of mercaptopicolinate on loss of 6-3H in PV cells, loss of 6-3H in absolute terms, was high, suggesting that in these cells loss of 6-3H largely represents mechanisms not involving pyruvate cycling. The sensitivity of gluconeogenesis to inhibition by mercaptopicolinate was similar in PP and PV hepatocytes (results not shown), suggesting that the small response in PV cells was not due to a lower sensitivity to mercaptopicolinate, but to a lower contribution of pyruvate cycling to net loss of 6-3H.
Effects of insulin on glucose cycling Very little information is available on the effects of insulin on the contributions of the direct and indirect pathways to hepatic glycogen synthesis either in vivo or in vitro. Studies in vivo cannot distinguish between direct effects of insulin on the liver as distinct from secondary changes in delivery of gluconeogenic precursors to the liver. The question of whether insulin has a direct role in the control of hepatic glycogen deposition has been the subject of much controversy [8, 36, 37] . Insulin has been shown to stimulate glycogen synthesis in hepatocyte suspensions in some studies [38, 39] but not in others [8, 36, 40] . It was concluded from the latter studies that insulin has no direct role in the control of hepatic glycogen synthesis when present as the sole hormone [8, 36, 40] . In contrast with the conflicting results from freshly isolated hepatocyte suspensions, studies using hepatocyte monolayers have established that insulin stimulates glycogen synthesis from glucose and gluconeogenic precursors when present as the sole hormone [19, 41, 42] . Few studies, however, have examined the short-term effects of insulin on glucose cycling in vitro [43] [44] [45] . These studies used [3-3H,14C] and [2-3H,'4C]glucose, which do not provide information on cycling as far as pyruvate. The present study demonstrates that insulin increases the loss of 6-3H during stimulation ofglycogen synthesis in hepatocytes from rat, guinea pig, pig and human liver. This effect of insulin was observed over a range of glucose concentrations. Since the contribution of pyruvate cycling to loss of 6-3H was lower in the presence of insulin, the effect of insulin is, at least in part, due to a mechanism that is independent of pyruvate cycling. Although in relative terms the contribution of pyruvate cycling to loss of 6-3H is diminished in the presence of insulin, in absolute terms pyruvate cycling is a component of the increased loss of 6-3H caused by insulin. This is particularly evident in pig hepatocytes, where pyruvate cycling is a major component of the increased loss of 6-3H caused by insulin. The mechanism by which insulin increases glucose cycling during stimulation of glucose conversion to glycogen and its physiological significance warrant further study.
